Abstract-An atomistic model for self-interstitial extended defects is presented in this work. Using a limited set of assumptions about the shape and emission frequency of extended defects, and taking as parameters the interstitial binding energies of extended defects versus their size, this model is able to predict a wide variety of experimental results. The model accounts for the whole extended defect evolution, from the initial small irregular clusters to the {311} defects and to the more stable dislocation loops. The model predicts the extended defect dissolution, supersaturation and defect size evolution with time, and it takes into account the thermally activated transformation of {311} defects into dislocation. The model is also used to explore a two-phase exponential decay observed in the dissolution of {311} defects.
I. INTRODUCTION
Current technology uses ion implantation as the main process to introduce dopants in silicon. Inherent to this process is the creation of a high amount of point defects, leading to the formation of different defect agglomerates. Their subsequent dissolution during annealing generates a point defect supersaturation that affects the diffusion of the implanted dopants. A thorough understanding of the dissolution kinetics of these defects is needed in order to correctly predict and control the final dopant profile in the deep sub-micron regime. In particular, extra self-interstitials (I) released both from {311} rodlike defects [1] and small clusters [2] cause the Transient Enhanced Diffusion (TED) of commonly used dopants. Four types of selfinterstitial extended defects have been detected experimentally in silicon: [3] small irregular clusters, {311} defects, and faulted and perfect dislocation loops (DLs). All of these defects are of extrinsic character, i.e. they are formed with extra Si atoms precipitated as clusters. A study about the smaller precursor clusters that nucleate and grow into {311}'s was reported by Cowern et al. [4] . Based on experimental observations [5] , the unfaulting of the {311} defects is the source of the subthreshold DLs in non-amorphized ion-implanted silicon, i.e. the {311} defects can either dissolve or unfault into loops.
The total TED depends mainly on the amount of excess interstitials and on the depth at which the defects are formed. This interstitial supersaturation is related to the energetics of the interstitial defects and defects present in the sample [4] , [6] . Consequently to correctly account for TED for incomplete anneals, process simulators have to implement predictive models for the evolution of the small clusters, {311} defects and DLs. In particular, the formation of DLs decreases the supersaturation by several orders of magnitude and it will severely affect the dopant profiles after the incomplete annealing. In consequence, the modelling and accurate prediction of the transition from {311} defects to DLs is imperative.
A considerable effort, using both continuum [4] , [7] - [13] and atomistic [14] - [16] approaches, has been devoted to the understanding of the physical mechanisms that control the nucleation, growth and dissolution of such defects. The continuum method however, is limited by the number of equations that can be solved without running into prohibitive CPU demands and/or convergence instabilities. Moreover, it uses some simplifying assumptions about the capture volume, and it makes a continuum treatment of the discrete extended defects.
In this work, we have developed a comprehensive extended defect model which accounts for the whole defect evolution: the point defects nucleate into small clusters which will transform into {311} defects which finally can become DLs. The model has been implemented in an atomistic kinetic Monte Carlo (kMC) simulator [17] using a single set of parameters to explain all the different simulation conditions.
II. PHYSICAL MODEL
In our model Is and vacancies are represented as points in a 3D simulation domain, and they are given random jumps at a rate derived from their diffusivities. They can interact with other particles which are found within their capture radius, leading to cluster formation or recombination. The jump distance and the capture radius is always assumed to be the second neighbor's distance in the silicon lattice.
A. Shape
Our model assumes the shape of interstitial clusters with size n < 15 interstitials to be irregular. For bigger sizes we rearrange them into the {311} defects and/or faulted DLs according to the crystalline geometry data. The experimental transition size between small clusters and {311} defects is not well known, and the literature establishes a size of n = 10 as a minimum [4] , [12] and n = 40 as a maximum [11] .
We assume that irregular clusters retain captured point defects at their arrival position. This assumption leads naturally to a roughly spherical shape. On the other hand {311} defects are modeled as parallel stripes (rows) of interstitials lying in one of the twelve orientations, randomly chosen, of a {311} plane. We model the {311} defect shape, following the experimental data [18] , as Nrow rows of Is lying on a < 011 > line with a distance of a/ √ 2 between Is in the same line and N col columns keeping a distance of a √ 22/4 between them, being a = 0.543 nm the silicon lattice parameter. We assume that the ratio between length (L) and width (W ) is given by [9] W ≈ √ CL, with C = 0.5 nm. Consequently, the length of the defects is L ≈ 0.5 n 2/3 nm, n being the defect size (number of Is). In our model, {311} defects capture any point defect jumping into the capture volume of the particles belonging to the defect. After the capture, the number of N col and Nrow is recalculated, with a small hysteresis to prevent {311} defect reshape due to the emission and capture of the same particle.
The transformation of {311} defects into DLs depends on the size of the {311} defects and on the temperature. DL are expected to be more stable than {311} defects beyond a size of about ≈ 350 atoms. However, {311} defects of much larger sizes have been observed [1] , [5] , [11] , [18] . For a {311} defect population distribution (at a given temperature), only the large {311} defects are observed to transform into DLs. Moreover, at low temperature, very large {311} defects can be observed [18] , while at higher temperatures smaller {311} defects are observed to transform into DLs [5] . This suggests a thermally activated transition, whereby the probability is a strong function of the size of {311} defects. However, a very similar behavior can be obtained with a much simpler model. In the simple model we have used, there is a critical size for transformation of {311} defects into DLs (n loop min ), and it is a function of temperature. When a {311} reaches n loop min , it will immediately transform into a DL. n loop min is assume to follow an Arrhenius plot:
E {311}→loop being the activation energy for the transition size and N loop the prefactor. The DL formation energy has to be smaller than the {311} formation energy at the threshold size (n loop min ), otherwise the threshold is taken as the size where both energies are equal. We find n loop min = 0.68 eV and N loop = 1.6 atoms. DLs are assumed to be always unfaulted discs lying on a {111} plane. Their interstitial area density is taken as d {111} = 8/( (3)a 2 ), the atomic density of {111} planes, and consequently its radius will be r loop = πn/d {111} .
B. Emission and binding energies
Extended defects are allowed to emit their constituent particles. The rates of these processes are determined by specific activation energies derived from molecular dynamics, first principles calculations and experiments. In particular, the activation energy for I emission from an I extended defect of size n is calculated as the sum of the binding energy plus the I migration energy (taken as 0.7 eV). The emission prefactor is assumed to be proportional to the cluster surface, in correspondence with the capture process. Small clusters emit particles from the position where they were captured, whereas {311} defects and loops take the last captured particle from the periphery, and emit it from a random position on the surface of the defect, to conserve microscopic reversibility with the capture process. Finally, the binding energy of a size n loop is calculated as
where the DLs formation energy, E loop f , is taken from Ref. [19] and the formation energy of a free interstitial (E fI ) is assumed to be 4.0 eV.
III. RESULTS AND DISCUSSION

A. Extended defect dissolution
The self-interstitial concentration in {311} defects as a function of annealing time is represented in Fig. 1 . It corresponds to a 5 × 10 13 cm −2 , 40 keV Si implant annealed at 670, 705, 738 and 815
• C. Experimental data (symbols) have been taken from Ref. [1] . The simulations (lines) are done in a 150 × 150 nm 2 simulation domain. As it can be seen, the agreement is very good. Fig. 2 represents the 815
• C simulation in a semi-log scale together with experimental data [20] to reveal the exponential decay with time. In this case, the simulation data is not statistically representative for concentrations below ≈ 5 × 10 12 cm −2 , because there are just a few {311} defects remaining in the whole simulation domain. The exponential behavior is obtained due to the binding energy dependency with size for big clusters. A constant value would lead to a linear, instead of exponential, decay with time [6] .
For the final defect dissolution stages, Ref. [20] suggested that the "decay curves are not purely exponential, but are likely to be more convex instead". The same idea is explored in Ref. [11] , [14] , which suggests the presence of two different dissolution regimes, with a transition between both, when the average defect-to-defect distance becomes larger than the defect-to-surface distance. To properly test the two-phase dissolution concept, and to analyze quantitatively the transition between the two regimes, we have run a ×200 × 200 nm (1 × 10 3 to 6 × 10 3 s), and the second one, (9 × 10 3 to 1.1 × 10 4 s), when the surface is closer than the nearest defect. From the Fig.  3 it can be seen that the threshold between both corresponds to a concentration of about 1.4 × 10 13 cm −2 . A simple estimate of the threshold concentration can be done assuming that it occurs when the average defect distance to the surface (x) equals the average distance between defects d = N / [I] ,N being the average defect size. We can compute the threshold distance as dt = kx, k being a factor to correlate the defect-to-defect distance with the defect-to-surface distance, expected to be between 1 and 2. This assumption gives a threshold trapped interstitial concentration of
We extractN = 260 from the previous simulation which gives k ≈ 1.4. We confirm this idea simulating the same profile shifted by different displacements, measuringN andx and plotting in Fig.  3 (inset) the dependency between the dt andx. We find k ≈ 1.7, in agreement with the intuition of k ∈ [1, 2] . The threshold distance lets us establish different regimes during the extended defect dissolution. For d < dt the defects are close to each other, maintaining a conservative Ostwald ripening [14] . For d > dt the surface is closer than other extended defects, and the defects will dissolve fast through interaction with the surface, in a non conservative Ostwald ripening. We should remark the discrete character of this effect, that cannot be simulated with 1D process simulators.
B. Interstitial supersaturation
Predictive interstitial supersaturation models are needed to correctly simulate Transient Enhanced Diffusion (TED) of boron and other dopants. The supersaturation depends on the ripening of small clusters and is regulated by the surface. Our model correctly predicts the supersaturation as a function of time for different annealing temperatures. As a consequence, the agreement between the experimental data [4] and simulations [15] is excellent. Figure 4 shows the time evolution of the I-cluster average size at 815
C. Extended defects size evolution
• C. The experimental data (symbols) are taken from Ref. [1] , corrected using the square-root law of Ref. [9] . The lines correspond to the model presented here and to other models from the literature. The results presented in this work have been simulated using a 150 × 150 nm 2 simulation cell. For lateral sizes smaller than kx the simulations do not converge to the correct sizes. The good agreement of our model for small sizes (in comparison with Ref. [9] ) is due to the use of oscillating energies, the presence of a stable cluster at size 8 retains the growth of the system in the first few seconds. The fit of Fig. 4 is going to be slightly dependent on the assumption about the ratio between W and L.
Another study is presented in Fig. 5 showing a 40 keV, 10 14 cm
−2
Si implant annealed at 750 • C. Experimental data (symbols), showing the maximum and average size, and the standard deviation, were taken from Ref. [21] , the simulated ones (lines) were obtained with a 100 × 100 nm 2 surface.
The ability to correctly reproduce experimental extended defect sizes is important to have physically-based predictive models and it is even more relevant when the transformation from {311} defects to DLs is directly modelled as a function of the {311} size. Figure 6 shows the trapped interstitial concentration as a function of annealing time for both {311} defects and DLs for a 100 keV, 2 × 10 14 cm −2 Si implant during annealing at 800 • C. Symbols are experimental points taken from Ref. [5] , lines are simulation results. The simulated data has been multiplied by a factor 1/3 to take into account that in the experiment the total number of atoms ({113} + loops) is somehow low with respect to the implanted dose (2×10 14 ). Nevertheless, the qualitative agreement validates the {311} to loops transition model. 
D. Transformation of {311} defects into DLs
IV. CONCLUSIONS
In this work we present a comprehensive modelling framework for self interstitials defects in silicon that is able to reproduce a wide compilation of different extended-defect experiments using the same parameter set. The model, which has been implemented in an atomistic kinetic Monte Carlo simulator, includes small irregular clusters, {311} rod-like defects and faulted DLs. The extended defect shapes are built in agreement with experimental crystallographic data. Thus, the appropriate emission/capture ratio can be reached since the emission depends on the defect binding energy, and the capture on the extended defect geometry.
Several experimental data is correctly predicted with the presented model: (i) the {311} defect dissolution at different temperatures, (ii) the interstitial supersaturation evolution with time, (iii) the maximum and average defect-size time evolution and (iv) the {311} to DLs transition. The model has also been used to confirm the presence and quantitatively analyze the transition between two exponential regimes during the {311} defect dissolution.
